Anisotropic bonded magnets are fabricated by surfactant-assisted ball milling in a magnetic field and magnetic field alignment of the milled chip-like nanoparticles of the Sm-Co and Nd-Fe-B materials. It is found that the application of magnetic fields during the ball milling strengthens the anisotropy of the chips and therefore improves the alignment. For SmCo 5 phase-based chips, for instance, energy products up to 26.0 MG Oe and 19.1 MG Oe are obtained for the chips and the bonded magnets, respectively. This combined technique opens a new approach to the fabrication of anisotropic bonded magnets for various applications.
Introduction
Improved permanent magnets are essential for emergent applications in electronic and electric devices [1] [2] [3] . While sintered permanent magnets are still the major type of magnet for most applications, demand for bonded magnets is rapidly growing for the advantages of bonded magnets in part size and shape control which is particularly important for miniaturization of electronic devices [4] . However, there is a major disadvantage of bonded magnets: their energy density is substantially lower than sintered magnets, due to diluted magnetic components and the isotropic nature.
Most rare-earth bonded magnets are isotropic because the magnetic powders used for producing bonded magnets are isotropic. Although attempts have been made to produce anisotropic bonded rare-earth magnets based on Nd-Fe-B and Sm-Fe-N micrometre-sized powder particles [5] [6] [7] [8] production of nanoscale anisotropic rare-earth magnetic powder particles remains a significant challenge.
Recently, surfactant-assisted ball milling has been proven to be an effective technique to produce anisotropic hard magnetic nanoparticles including Sm-Co and Nd-Fe-B based rare-earth nanocrystalline materials [9] [10] [11] [12] [13] . The produced Sm-Co and Nd-Fe-B nanoparticles containing fine grains have high aspect ratio with their thickness of tens of nanometres and width and length of several hundred nanometres.
The chip-like nanocrystals show strong magnetocrystalline anisotropy and can be aligned in a magnetic field. To further enhance the magnetic anisotropy of the nanoparticles, we applied a magnetic field during the ball milling. The anisotropic nanoscale chips were then processed into bonded magnets by mixing binder materials with the powders and pressing the mixtures in a magnetic field. In this paper, we demonstrate the anisotropic magnetic properties of the bonded magnets fabricated by the combined technique. The effect of external magnetic fields during ball milling on the magnetic properties will be discussed in detail.
Experimental procedure
The starting commercial SmCo 5 , Sm 2 Co 7 and Nd 2 Fe 14 B powders of particle size ∼45 µm were mixed with organic solvent heptane of 99.8% purity and surfactant oleic acid of 90% purity. In a typical milling load, powder-to-ball weight ratio of 1 : 10 was used in a non-magnetic stainless steel vial. The amount of surfactant used was 50% by weight of the starting powders. Two diametrically oriented arc-segment permanent magnets were fixed around a non-magnetic stainless steel vial to create a quasihomogeneous magnetic field of about 1-3 kOe. The mixtures were then milled using a high-energy ball milling machine from 10 min to 20 h. For comparison, the starting powders were also milled without magnetic field while keeping other milling parameters unchanged. A size selection process was employed after the milling process to remove fine particles by ultrasonic vibration and washing final products several times with heptane followed by a centrifugal process [10] [11] [12] . To characterize the anisotropic magnetic properties, the nanoscale chips were mixed with epoxy and aligned in a magnetic field of 20 kOe. Bonded magnets were made by mixing the as-milled nanoparticles with organic binders and pressing the mixture under a magnetic field of about 16 kG. The magnetic properties were measured by a superconducting quantum interference device magnetometer with a maximum applied field of 70 kOe. Structural and morphological characterizations were performed using x-ray diffraction (XRD) (Rigaku Ultima IV diffractometer operating with Cu Kα radiation) and scanning electron microscopy (SEM). Measurement of (0 0 2) pole figures was carried out by the Schulz reflection method. The tilt angle (α ) was varied from 0
• to 70 • in steps of 2.5
• . The angle of rotation, azimuth angle (β), was varied from 0
• to 360
• in steps of 5
• . To further enhance the magnetic anisotropy, we applied an external magnetic field during the ball milling process. Our previous investigations [14, 15] revealed that external magnetic fields enhance magnetic anisotropy in polycrystalline particles prepared by ball milling. The magnetic fields, however, reduced the milling efficiency simultaneously, as seen from the grain size reduction for samples milled for the same time. Therefore, it is more reasonable to compare the anisotropy of samples with the same grain size (instead of the same milling time). Figure 2 shows the external magnetic field effect on magnetic anisotropy of the SmCo 5 , Sm 2 Co 7 and Nd 2 Fe 14 B nanoparticles during ball milling, with milling time from 10 min to 20 h. The anisotropy was measured by the remanence ratio m r = (M r /M s ), the remanence along the aligned direction (c-axis). The average grain size was calculated using the Scherrer formula. Figures 2(a)-(c) show the dependence of the remanence ratio on the grain size of the aligned SmCo 5 , Sm 2 Co 7 and Nd 2 Fe 14 B nanoparticle assemblies with the particles prepared in a magnetic field and without a magnetic field, respectively. It is striking to observe that the remanence for the field-milled samples is always higher than for those milled without the field. The increase in the remanence upon field milling is in the range from 3% to 6% (measured in the easy magnetization direction).
Results and discussion
The degree of alignment of the chips can also be calculated by the average misalignment angle ψ = arctan [2M r (⊥)/M r ( )], where M r (⊥) and M r ( ) are the remanences perpendicular and parallel to the direction of the easy axis [16] . Figures 2(d)-(f ) show the dependence of the misalignment angle on the grain size of the chips milled in a magnetic field and without a field. It was found that ψ of the chips milled in the presence of a magnetic field is smaller than that of the chips milled without a field, which further confirms that the degree of alignment of the chips milled in the presence of a magnetic field is higher than that of the chips milled in the absence of a magnetic field for the same grain size. Figure 3 shows the two-dimensional (0 0 2) pole figures for the aligned SmCo 5 nanoscale chips where (a) particles were milled without a magnetic field and (b) particles were milled in a field for 1 h. The contour lines, which correspond to changes in the intensity of the (0 0 2) diffraction lines, are more concentrated at the centre of the axis for the magnet with a higher degree of alignment [17] . Figure 3(b) shows the contour lines with well-defined circular patterns while in figure 3(a) , some broadening of the contour lines occurs without degradation of the patterns. A comparison of pole figures for the nanoparticles milled in a magnetic field and without a magnetic field prepared under the same processing conditions gives direct evidence that nanoparticles milled in a magnetic field have a higher degree of alignment compared with the nanoparticle samples milled without a field. It should be noted that the degree of grain alignment decreases with decreasing grain size due to the fact that smaller grains incline to randomly orient and incoherence in grain boundaries reduces the alignment.
The morphology of SmCo and NdFeB chips obtained by surfactant-assisted ball milling in a magnetic field and in the absence of a magnetic field for different milling times was monitored by SEM. Figure 4 shows the typical SEM images of the SmCo 5 chips fabricated by surfactant-assisted ball milling processes for 1 h. It can be seen from the low magnification SEM images that the SmCo 5 chips prepared in the absence of the magnetic field ( figure 4(a) ) are randomly oriented while the SmCo 5 chips prepared in the magnetic field formed a chainlike structure ( figure 4(b) ). The right part in figure 4(a) shows the SEM image of SmCo 5 chips with high aspect ratio obtained after 1 h milling in the absence of a magnetic field with diameter in the range 5-8 µm and thickness in the range 20-120 nm (determined by HRSEM analysis, not shown here). The right part of figure 4(b) shows the SEM image of the SmCo 5 chips obtained after 1 h milling in a magnetic field. An analysis of SEM images shows that there is no considerable difference in the size of the chips prepared in a magnetic field compared with those obtained without a magnetic field. It was found that the chip size reduces with the extension of the milling process, in both the field-ball milling and non-field-ball milling. For example, the average diameter of the SmCo 5 chips of both field-ball milled and non-field-ball milled decreased from 6 to 3 µm when the milling time was extended from 1 to 20 h. It is important to point out that the particle size is not equal to the grain size. The grain size, starting with the original particle size of tens of micrometres, reduces to nanometric order with milling. It is observed from the SEM images of SmCo 5 chips milled in a magnetic field (right part of figure 4(b) ) that chips are oriented and formed a chain-like structure stacking with their surfaces perpendicular to the direction of the magnetic field (the magnetic field direction is shown by an arrow). It should be noted that from the analysis of the orientation of the SmCo 5 chips from SEM images (right part of figure 4(b)) milled in a magnetic field and from XRD patterns of the aligned samples (figure 1), it is confirmed that the c-axis is perpendicular to the plane of the SmCo 5 chips. It should also be noted that despite the nanocrystalline nature of the chips, outof-plane (0 0 1) texture is maintained in polynanocrystalline chips inherited from single crystal starting powders [18] . As a result of the enhanced magnetic anisotropy, remarkably higher energy product values are obtained for the SmCo 5 nanoscale chips milled under a magnetic field compared with those without a magnetic field under the same milling conditions. For example, higher energy products up to 26.0 MG Oe are obtained for SmCo 5 nanoparticles prepared in the magnetic field, compared with 23.5 MG Oe of that without the magnetic field (with remanences of 0.96 and 0.91, respectively). The higher energy product in the fieldmilled chip samples results from enhanced remanence and better squareness of the demagnetization curves compared with the nanoparticles milled without a field. The difference in magnetic properties is also evidence for enhanced anisotropy. Based on the anisotropic chips, it is possible to fabricate anisotropic bulk magnets by compaction of the chips in the presence of a magnetic field. The magnetic field aligns the chips during which the compaction consolidates the aligned flakes. An energy product of up to 19.1 MG Oe with real density 6.5 g cm −3 is obtained for bonded magnets prepared by SmCo 5 chips milled in the presence of a magnetic field and compacted under the magnetic field using PPS as the binder.
Based on our experimental results including SEM images, XRD patterns (including pole figures) and magnetic properties, we propose possible mechanisms of the better alignment of the SmCo 5 , Sm 2 Co 7 and Nd 2 Fe 14 B nanoscale chips milled in the magnetic field. It is observed that when the milling process is carried out in a magnetic field, the chips got magnetized and formed chains with their surfaces perpendicular to the magnetic field direction as seen in figure 4(b) . The chips in the chains are aligned to minimize the system energy. The c-axis of the chips is found to be in the direction of the magnetic field. Without a magnetic field, the chains do not form. The improved alignment of the chips milled in a magnetic field compared with the chips milled without a field is obviously associated with the better orientation of each chip with its c-axis in the chain-axis direction (perpendicular to the chip plane in the case for Sm-Co chips), which contributes to the enhanced magnetic anisotropy. The enhancement may also be related to the effect of magnetic field on the gain orientation during the cold welding process during the ball milling process. The mechanisms for different materials may be different, as we observed. Details need to be investigated further.
Conclusions
In summary, anisotropic bonded magnets are successfully fabricated using surfactant-assisted ball milling and magneticfield processing during milling and aligning procedures. The structural and magnetic characterizations revealed that the hard magnetic SmCo and NdFeB chips obtained by surfactantassisted milling in a magnetic field exhibit enhanced magnetic anisotropy compared with those milled without a magnetic field. A higher energy product of up to 26.0 MG Oe is obtained for SmCo 5 chips prepared in the magnetic field compared with 23.5 MG Oe without the magnetic field with remanences of 0.96 and 0.91, respectively. An energy product of up to 19.1 MG Oe is obtained for anisotropic bonded magnets with a density of 6.5 g cm −3 compacted in the presence of a magnetic field. This combined technique shows promise for producing novel nanostructured anisotropic bulk magnets with enhanced magnetic properties.
